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Abstract The binary states, i.e., success or failed state
assumptions used in conventional reliability are inappro-
priate for reliability analysis of complex industrial systems
due to lack of sufficient probabilistic information. For large
complex systems, the uncertainty of each individual
parameter enhances the uncertainty of the system reliabil-
ity. In this paper, the concept of fuzzy reliability has been
used for reliability analysis of the system, and the effect of
coverage factor, failure and repair rates of subsystems on
fuzzy availability for fault-tolerant crystallization system
of sugar plant is analyzed. Mathematical modeling of the
system is carried out using the mnemonic rule to derive
Chapman–Kolmogorov differential equations. These gov-
erning differential equations are solved with Runge–Kutta
fourth-order method.
Keywords Markov birth–death process  Fuzzy
availability  Reliability  Crystallization system 
Reliability  Fault-tolerant system
Introduction
The binary state assumption in conventional reliability
theory is not extensively acceptable in various engi-
neering problems. Since 1965, a higher importance in
scientific environment has been given to fuzzy theory by
Zadeh (1965), when he presented the basic concepts of
fuzzy set theory. This has changed the basic scenario in
reliability and concerned theories, because this theory
can handle all the possible states that lie between a fully
working state and a completely failed state. Thus, binary
state assumption used in conventional reliability is
replaced by fuzzy state assumption and this approach to
the reliability is known as profust reliability. Though
conventional reliability theory cannot be ignored, fuzzy
reliability theory also needs to be considered along with
it. The availability and reliability are the important per-
formance parameters for industrial systems such as sugar
mill, chemical industry, thermal power plant, paper plant,
etc., and have major importance in real life situations, as
the demand for product quality and system reliability has
been increasing day by day.
This paper is organized as follows. The present sec-
tion is the introductory type. Section 2 is concerned with
materials and methods used, while Sect. 3 deals with the
literature review. Section 4 is related with system
description, notations and assumptions. Section 5 is
devoted to mathematical modeling of the system. Sec-
tion 6 is concerned with performance analysis of the
system. Finally, some concrete conclusions have been
presented in Sect. 7.
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The constant failure rate (b) is the ratio of the number of
failures of a component in a given time to the total period
of time the component was operating. It is expressed as the
number of failures per unit hour.
Repair rate
The constant repair rate (l) is the ratio of the number of
repairs of a component in a given time to the total period of
time the component was being repaired. It is expressed as
the number of repairs per unit hour.
Fuzzy availability
Kumar and Kumar (2011) stated a fuzzy probabilistic semi-
Markov model {(Sn, Tn), n € N} consisting of ‘n’ states
together with transition time.
Let U = {S1, S2,…,Sn} denote the universe of discourse.
On this universe, we define a fuzzy success state S, S ¼
ðSi; ls Sið Þ; i ¼ 1; 2; 3; . . .; nf g; and a fuzzy failure state F,
F ¼ ðSi; lF Sið Þ; i ¼ 1; 2; 3; . . .; nf g;
where ls (Si) and lF (Si) are trapezoidal fuzzy numbers,
respectively. The fuzzy availability of the crystallization






A system is known to be fault tolerant, if it can tolerate
some faults and function successfully even in the presence
of these faults. It is generally achieved by using redun-
dancy concepts. Automatic recovery and reconfiguration
mechanism (detection, location and isolation) plays a cru-
cial role in implementing fault tolerance, because an
uncovered fault may lead to a system or subsystem failure
even when adequate redundancy exists. Hence, a system
subjected to imperfect fault coverage (also known as cov-
erage factor) may fail prior to the exhaustion of redundancy
due to uncovered component failures.
Coverage factor
Kumar and Kumar (2011) stated that the probability of
successful reconfiguration operation of a fault-tolerant
system is defined as a coverage factor. It is denoted by ‘c’
and if its value is less than 1, then it is known as imperfect
coverage. Ram et al. (2013) defined the coverage factor as
the conditional probability of recovery, given that a fault
has occurred. The coverage factor is one of the most
important aspects to take into account in design, manage-
ment and evaluation of fault-tolerant systems.
Markov process
The continuous-time discrete-state Markov process models
are used for describing the behavior of repairable systems
in reliability studies as stated by Dhillion and Singh (1981)
and Balaguruswamy (1984). The birth-and-death process is
a special case of continuous-time Markov process; it is
characterized by the birth rate (l) and death rate (b) and it
is assumed that the birth-and-death events are independent
of each other. When a birth, i.e., repair occurs, the process
goes from state i to state i ? 1. Similarly, when death, i.e.,
failure occurs, the process goes from state i to state i-1.
According to Markov, if P1(t) represents the probability
of zero occurrences in time t, the probability of zero
occurrences in time (t ? Dt) is given by the equation
P1 t þ Dtð Þ ¼ 1 btð ÞP1 tð Þ: ðiÞ
Similarly,
P2 t þ Dtð Þ ¼ lDt P1 tð Þ þ 1 bDtð ÞP2 tð Þ: ðiiÞ
The equation (ii) shows that the probability of one
occurrence in time (t ? Dt) is composed of two units:
(i) probability of zero occurrences in time t multiplied
by the probability of one occurrence in time
interval Dt and
(ii) probability of one occurrence in time t multiplied
by the probability of no occurrences in the interval
Dt.
Literature review
The performance of an industrial system can be measured
using several techniques as mentioned in the literature.
Some of the techniques which are widely used are: event
tree, fault tree analysis (FTA), reliability block diagrams
(RBDs), Petri nets (PNs) and Markovian approach, as
stated by Garg and Sharma (2012) and Renganathan and
Bhaskar (2011). Garg and Sharma (2011) used the concept
of fuzzy set theory to represent the failure and repair data
and analyzed the behavior of the system using various
reliability indices. These indices include failure rate, repair
time, mean time between failures (MTBF), expected
number of failures (ENOF) and availability and reliability
of the system. Kumar et al. (2007) analyzed the reliability
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of a non-redundant robot using fuzzy lambda–tau
methodology. Singer (1990) developed a new methodology
to find out various reliability parameters using fuzzy set
approach and fault tree in which the failure rate and repair
time were represented using triangular fuzzy numbers
(TFN). Cheng and Mon (1993) used the confidence interval
for analyzing the fuzzy system reliability. Chen (1994)
presented a new method for analyzing system reliability
using fuzzy number arithmetic operations. Knezevic and
Odoom (2001) proposed a new methodology by making
use of Petri nets (PNs) instead of fault trees. Arora and
Kumar (1997) analyzed the availability for the coal han-
dling system in the paper plant. Biswas and Sarkar (2000)
studied the availability of a system maintained through
several imperfect repairs before a replacement or a perfect
repair. Jain (2003) discussed the N-policy for a redundant
repairable system with an additional repairman. Singh et al.
(2005) analyzed a three-unit standby system of water
pumps in which two units were operative simultaneously
and the third one was a cold standby for an ash handling
plant. You and Chen (2005) proposed an efficient heuristic
approach for series–parallel redundant reliability problems.
Cheng and Mon (1993) presented a method for fuzzy
system reliability analysis by interval of confidence. Chen
(1994) presented a method for fuzzy system reliability
analysis using fuzzy number arithmetic operations. Cai
(1996) stated that the fuzzy reliability can be physically
interpreted as the probability that no substantial perfor-
mance deterioration occurs in a predefined time interval.
Chen (2003) presented a new method for analyzing the
fuzzy system reliability based on vague sets. Taheri and
Zarei (2011) investigated the Bayesian system reliability
assessment in a vague environment. Kumar and Yadav
(2012) analyzed the fuzzy system reliability using different
types of intuitionistic fuzzy numbers (IFNs) instead of the
classical probability distribution for the components.
Blischke and Murthy (2003) suggested that the failure of
the component or system cannot be prevented completely,
but can be minimized. Sharma and Khanduja (2013) dis-
cussed the performance evaluation and availability analysis
of a feeding system of a sugar plant. Dhople et al. (2014)
proposed a framework to analyze the Markov reward
models, which are commonly used in the system per-
formability analysis. Doostparast et al. (2014) planned a
reliability-based periodic preventive maintenance (PM) for
a system with deteriorating components. Shakuntla et al.
(2011) discussed the availability analysis for a pipe man-
ufacturing industry using supplementary variable tech-
nique. Katherasan et al. (2013) optimized the welding
parameters for the flux cored arc welding process using the
genetic algorithm and simulated annealing. Natarajan et al.
(2013) proposed a model that would facilitate the infusing
of quality and reliability in new products by blending the
six sigma concept and the new product development (NPD)
process. Yuan and Meng (2011) assumed the exponential
distribution of working and repair time for a warm standby
repairable system consisting of two dissimilar units and
one repairman. Zhang and Mostashari (2011) proposed a
method to assess the reliability of the system with contin-
uous distribution of component states. This method is
useful when we do not have enough knowledge on the
component states and related probabilities. Zoulfaghari
et al. (2014) presented a new mixed integer nonlinear
programming (MINLP) model to analyze the availability
optimization of a system with a given structure, using both
repairable and non-repairable components simultaneously.
The literature revealed that the methods used by the
authors involve complex computations, and the problem of
determining long-run availability and reliability of the
system based on conventional reliability has been exten-
sively studied in the literature. In this paper, an advance
numerical method, i.e., Runge–Kutta fourth-order method
is used for fuzzy availability analysis for the crystallization
system of a sugar plant. The required data are collected
from the maintenance history sheets and by discussion with
the maintenance personnel of the sugar plant situated at
South of Haryana, India.
In the process of manufacturing of sugar, initially the
sugarcane is fed through the conveyor and cutters to cut
into small pieces. These small pieces of sugarcane are
passed through the crushing system to get raw sugarcane
juice and bagasse is left for the feeder or fodder. The
process of refining raw sugarcane juice is performed as it
contains fibers, mud and other impurities. The mud
present in the sugarcane juice is separated by the sul-
fonation process, while the soluble and insoluble impu-
rities present in the cane juice get further separated by
heating the cane juice in boilers to about 68 C. The
juice gets concentrated by further heating to about
102 C. The crystalline sugar is obtained from the con-
centrated juice by the crystallization process. The sugar
plant comprises large complex engineering systems
arranged in series or parallel, or a combination of both.
Some of these systems are for feeding, crushing, refin-
ing, evaporation, steam generation, crystallization, etc.,
in which the crystallization system is one of the most
important.
System description, notations and assumptions
System description
The crystallization system comprises the following three
subsystems with series or parallel configurations as shown
in Fig. 1.
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(i) Subsystem A (crystallization): It consists of two
units connected in parallel, one operative and the
other in a cold standby state. The complete failure
of the system will occur when more than one unit
fail at a time.
(ii) Subsystem B (centrifugal pump): It consists of
three units connected in parallel and complete
failure of the system will occur when more than
two units fail at a time.
(iii) Subsystem C (sugar grader unit): It consists of a
single unit connected in series. The complete
failure of the system will occur when this
subsystem fails at a time.
Notations
: Indicates that the system is in a full working
state.
: Indicates that the system is in a standby state.
: Indicates that the system is in a failed state.
A, B and C Indicates full working states of
subsystems
A1, B1 and B2 Indicates that the subsystems A and
B are working under cold standby
states
a, b and c Indicates the failed states of
subsystems A, B and C, respectively
bi = 1,2,3…6 The constant failure rate of
subsystems A, A1, B, B1, B2 and C,
respectively
li = 1, 2,3…6 The constant repair rate of
subsystems A, A1, B, B1, B2 and C,
respectively
c Coverage factor (its value lies
between 0 and 1)
P1, P2, P3, P4, P5
and P6
Fuzzy availability of the system
under states 1, 2, 3, 4, 5 and 6,
respectively
Pj
(t), j = 1, 2, 3…17
The probability that the system is in
the jth state at time t and p0
represents its derivative with respect
to time (t).
Assumptions
• The failure and repair rates are statistically independent
of each other and there are no simultaneous failures
among the subsystems as stated by Sharma and Khan-
duja (2013).
• There are sufficient repair or replacement facilities and
a repaired system is as good as new, performance-wise,
as stated by Ebeling (2001).
Mathematical modeling of the system
The mathematical modeling of the crystallization system
is carried out using the mnemonic rule for the three
subsystems and the Chapman–Kolmogorov differential
equations are developed. According to this rule, the
derivative of the probability of every state is equal to the
sum of all probability flows which comes from other
states to the given state minus the sum of all probability
flows which goes out from the given state to the other
states. The transition diagram (Fig. 2) depicts a simulation
model showing all the possible states of the feeding
system.
State 1 The system is working with full capacity
(with no standby)
State 2 The system is working with a standby unit of
crystallization (A1)
State 3 The system is working with a standby unit of
a centrifugal pump (B1)
State 4 The system is working with a standby unit of
crystallization and a centrifugal pump (A1 and
B1)
State 5 The system is working with a standby unit of
a centrifugal pump (B2)
State 6 The system is working with standby units of
crystallization (A1) and centrifugal pump (B2)
State 7 to
17
Failed states of the system due to complete
failure of its subsystems, i.e., A, B and C
The equations for fuzzy availability for the crystalliza-
tion system are derived as follows.
The mathematical Eqs. (1) to (17) are developed for
each state, one by one, for 17 states of the transition dia-
gram (Fig. 2).





CENTRIFUGAL PUMP (B) 
Fig. 1 Schematic flow diagram of the crystallization system of a
sugar plant with standby units
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P01 tð Þ ¼ X1P1 tð Þ þ l1P2 tð Þ þ l3P3 tð Þ þ l6P15 tð Þ;
ð1Þ
P02 tð Þ ¼ X2P2 tð Þ þ b1cP1 tð Þ þ l2P13 tð Þ þ l3P4 tð Þ
þ l6P14 tð Þ;
ð2Þ
P03 tð Þ ¼ X3P3 tð Þ þ l1P4 tð Þ þ b3cP1 tð Þ þ l4P5 tð Þ
þ l6P16 tð Þ;
ð3Þ
P04 tð Þ ¼ X4P4 tð Þ þ b1cP3 tð Þ þ l1P11 tð Þ þ b3cP2 tð Þ
þ l4P6 tð Þ þ l6P12 tð Þ;
ð4Þ
P05 tð Þ ¼ X5P5 tð Þ þ l1P6 tð Þ þ b4cP3 tð Þ þ l5P7 tð Þ
þ l6P17 tð Þ;
ð5Þ
P06 tð Þ ¼ X6P6 tð Þ þ b1cP5 tð Þ þ l1P10 tð Þ þ b4cP4 tð Þ
þ l5P8 tð Þ þ l6P9 tð Þ;
ð6Þ
where
X1 = b1c ? b3c ? b6(1-c),
X2 = l1 ? b2(1-c) ? b3c ?b6(1-c),
X3 = b1c ? l3 ? b4c ? b6(1-c),
X4 = l1 ? b1(1-c) ? l3 ? b4c ? b6(1-c),
X5 = b1c ? l4 ? b5(1-c) ? b6(1-c),
X6 = l1 ? b2(1-c) ? l4 ? b5(1-c) ? b6(1-c).
Similarly,
P07 tð Þ þ l5P7 tð Þ ¼ b5 1 cð ÞP5 tð Þ; ð7Þ
P08 tð Þ þ l5P8 tð Þ ¼ b5 1 cð ÞP6 tð Þ; ð8Þ
P09 tð Þ þ l6P9 tð Þ ¼ b6 1 cð ÞP6 tð Þ; ð9Þ
P010 tð Þ þ l1P10 tð Þ ¼ b1 1 cð ÞP6 tð Þ; ð10Þ
P011 tð Þ þ l1P11 tð Þ ¼ b1 1 cð ÞP4 tð Þ; ð11Þ
P012 tð Þ þ l6P12 tð Þ ¼ b6 1 cð ÞP4 tð Þ; ð12Þ
P013 tð Þ þ l2P13 tð Þ ¼ b2 1 cð ÞP2 tð Þ; ð13Þ
P014 tð Þ þ l6P14 tð Þ ¼ b6 1 cð ÞP2 tð Þ; ð14Þ
P015 tð Þ þ l6P15 tð Þ ¼ b6 1 cð ÞP1 tð Þ; ð15Þ
P016 tð Þ þ l6P16 tð Þ ¼ b6 1 cð ÞP3 tð Þ; ð16Þ
P017 tð Þ þ l6P17 tð Þ ¼ b6 1 cð ÞP5 tð Þ; ð17Þ
with initial conditions:
Pjð0Þ ¼ 1; if j ¼ 10; if j 6¼ 1

: ð18Þ
The system of differential Eqs. (1) to (17) with initial
conditions given by Eq. (18) was solved by the Runge–
Kutta fourth-order method. The numerical computations



























































Fig. 2 Transition diagram of the crystallization system of a sugar plant
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(a) the failure and repair rates of the crystallization
subsystem (b1, l1) and its standby unit (b2, l2) are
the same;
(b) the failure and repair rates of the centrifugal pump
subsystem (b3, l3) and its standby units (b4, l4 and
b5, l5) are the same.
The fuzzy availability of the crystallization system is
computed for 1 year (i.e., time, t = 60–360 days). The
different choices of failure rate and repair rate of the sub-
systems at different values of coverage factor (c) are com-
puted to observe their effect on the fuzzy availability of the
system. The data regarding the failure and repair rates of all
the subsystems are taken from the plant personnel as stated
earlier in Sect. 2. The fuzzy availability of the system (AF) is
composed of fuzzy availability of the system working with
full capacity and its standby states, i.e.,
Table 1 Effect of failure and repair rates of the crystallization subsystem on the fuzzy availability of the system
System coverage factor (c) Days Failure rate of crystallization (b1) Repair rate of crystallization (l1)
0.0011 0.0012 0.0013 0.0014 0.018 0.023 0.028 0.033
c = 0 60 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335
120 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623
180 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433
240 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382
300 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369
360 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365
c = 0.2 60 0.7716 0.7713 0.7711 0.7708 0.7710 0.7713 0.7717 0.7719
120 0.7061 0.7058 0.7055 0.7052 0.7051 0.7058 0.7063 0.7067
180 0.6869 0.6866 0.6863 0.6860 0.6858 0.6866 0.6872 0.6876
240 0.6812 0.6809 0.6806 0.6803 0.6800 0.6809 0.6815 0.6820
300 0.6795 0.6792 0.6789 0.6786 0.6782 0.6792 0.6799 0.6803
360 0.6790 0.6787 0.6784 0.6781 0.6777 0.6787 0.6794 0.6798
c = 0.4 60 0.8126 0.8121 0.8116 0.8110 0.8113 0.8121 0.8128 0.8133
120 0.7557 0.7551 0.7545 0.7538 0.7536 0.7551 0.7562 0.7570
180 0.7375 0.7368 0.7362 0.7355 0.7350 0.7368 0.7381 0.7390
240 0.7315 0.7309 0.7302 0.7296 0.7289 0.7309 0.7322 0.7332
300 0.7296 0.7289 0.7283 0.7276 0.7268 0.7289 0.7303 0.7313
360 0.7290 0.7283 0.7276 0.7269 0.7261 0.7283 0.7297 0.7307
c = 0.6 60 0.8569 0.8560 0.8552 0.8544 0.8548 0.8560 0.8571 0.8580
120 0.8120 0.8111 0.8101 0.8091 0.8087 0.8111 0.8128 0.8142
180 0.7965 0.7955 0.7945 0.7935 0.7926 0.7955 0.7976 0.7990
240 0.7910 0.7900 0.7890 0.7879 0.7868 0.7900 0.7921 0.7937
300 0.7891 0.7880 0.7870 0.7859 0.7847 0.7880 0.7902 0.7918
360 0.7883 0.7873 0.7863 0.7852 0.7839 0.7873 0.7895 0.7911
c = 0.8 60 0.9046 0.9034 0.9023 0.9011 0.9017 0.9034 0.9049 0.9062
120 0.8763 0.8749 0.8735 0.8721 0.8715 0.8749 0.8774 0.8793
180 0.8661 0.8646 0.8632 0.8618 0.8605 0.8646 0.8675 0.8697
240 0.8622 0.8607 0.8593 0.8578 0.8562 0.8607 0.8638 0.8659
300 0.8607 0.8592 0.8578 0.8563 0.8545 0.8592 0.8623 0.8645
360 0.8601 0.8586 0.8572 0.8557 0.8539 0.8586 0.8617 0.8639
c = 1.0 60 0.9561 0.9546 0.9531 0.9516 0.9523 0.9546 0.9566 0.9582
120 0.9497 0.9479 0.9461 0.9443 0.9433 0.9479 0.9513 0.9539
180 0.9485 0.9466 0.9447 0.9429 0.9410 0.9466 0.9505 0.9534
240 0.9483 0.9464 0.9445 0.9426 0.9403 0.9464 0.9504 0.9533
300 0.9482 0.9463 0.9444 0.9425 0.9401 0.9463 0.9504 0.9533
360 0.9482 0.9463 0.9444 0.9425 0.9400 0.9463 0.9504 0.9533
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Performance analysis of the system
In this section, the fuzzy availability of the system is
computed using Eq. (19), and the effect of change in the
failure and repair rates of subsystems and coverage factor
(c) on the fuzzy availability of the system is presented in
Tables 1, 2 and 3.
Effect of failure and repair rates
of the crystallization subsystem on the fuzzy
availability of the system
The effect of the failure rate of the crystallization subsys-
tem on the fuzzy availability of the system is studied by
varying their values as: b1 = 0.0011, 0.0012, 0.0013 and
0.0014 at the repair rate (l1) 0.023 at different values of the
coverage factor. The failure and repair rates of other sub-
systems were taken as: b3 = 0.0025, b6 = 0.008, b2 = b1,
Table 2 Effect of failure and repair rates of the centrifugal pump subsystem on the fuzzy availability of the system
System coverage factor (c) Days Failure rate of the centrifugal pump (b3) Repair rate of crystallization (l3)
0.0024 0.0025 0.0026 0.0027 0.037 0.042 0.047 0.052
c = 0 60 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335 0.7335
120 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623 0.6623
180 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433 0.6433
240 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382 0.6382
300 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369 0.6369
360 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365 0.6365
c = 0.2 60 0.7715 0.7713 0.7712 0.7710 0.7709 0.7713 0.7717 0.7720
120 0.7060 0.7058 0.7056 0.7055 0.7053 0.7058 0.7062 0.7066
180 0.6868 0.6866 0.6864 0.6863 0.6861 0.6866 0.6870 0.6874
240 0.6811 0.6809 0.6808 0.6806 0.6804 0.6809 0.6813 0.6817
300 0.6794 0.6792 0.6791 0.6789 0.6787 0.6792 0.6796 0.6800
360 0.6789 0.6787 0.6785 0.6784 0.6782 0.6787 0.6791 0.6795
c = 0.4 60 0.8124 0.8121 0.8117 0.8114 0.8112 0.8121 0.8128 0.8135
120 0.7554 0.7551 0.7547 0.7544 0.7540 0.7551 0.7560 0.7567
180 0.7372 0.7368 0.7365 0.7361 0.7357 0.7368 0.7377 0.7385
240 0.7312 0.7309 0.7305 0.7302 0.7297 0.7309 0.7318 0.7326
300 0.7293 0.7289 0.7286 0.7282 0.7278 0.7289 0.7299 0.7306
360 0.7286 0.7283 0.7279 0.7276 0.7271 0.7283 0.7292 0.7300
c = 0.6 60 0.8566 0.8560 0.8555 0.8549 0.8547 0.8560 0.8572 0.8582
120 0.8116 0.8111 0.8105 0.8099 0.8093 0.8111 0.8125 0.8137
180 0.7961 0.7955 0.7949 0.7944 0.7936 0.7955 0.7970 0.7982
240 0.7906 0.7900 0.7894 0.7889 0.7881 0.7900 0.7915 0.7927
300 0.7886 0.7880 0.7874 0.7869 0.7861 0.7880 0.7895 0.7908
360 0.7879 0.7873 0.7867 0.7862 0.7854 0.7873 0.7888 0.7900
c = 0.8 60 0.9042 0.9034 0.9027 0.9019 0.9015 0.9034 0.9051 0.9065
120 0.8757 0.8749 0.8741 0.8732 0.8723 0.8749 0.8770 0.8788
180 0.8655 0.8646 0.8638 0.8630 0.8619 0.8646 0.8668 0.8686
240 0.8616 0.8607 0.8599 0.8591 0.8579 0.8607 0.8629 0.8647
300 0.8600 0.8592 0.8584 0.8575 0.8564 0.8592 0.8614 0.8632
360 0.8594 0.8586 0.8578 0.8569 0.8558 0.8586 0.8608 0.8626
c = 1.0 60 0.9557 0.9546 0.9536 0.9526 0.9521 0.9546 0.9568 0.9587
120 0.9490 0.9479 0.9468 0.9456 0.9443 0.9479 0.9508 0.9532
180 0.9478 0.9466 0.9455 0.9443 0.9428 0.9466 0.9497 0.9521
240 0.9475 0.9464 0.9452 0.9441 0.9425 0.9464 0.9494 0.9519
300 0.9474 0.9463 0.9451 0.9440 0.9424 0.9463 0.9494 0.9518
360 0.9474 0.9463 0.9451 0.9440 0.9424 0.9463 0.9493 0.9518
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b3 = b4 = b5, l3 = 0.042, l6 = 0.014, l2 = l1,
l3 = l4 = l5. The fuzzy availability of the system is
calculated using this data and the results are shown in
Table 1 and presented in Fig. 3. This table shows that the
fuzzy availability of the system decreases from 22.782 to
1.75 % approximately with the increase of time. However,
it decreases by 0.6 % approximately with the increase in
the failure rate of the crystallization subsystem approxi-
mately. Figure 3 shows that the rate of change in the fuzzy
availability of the system increases with the increase in the
value of the system coverage factor (as 0 B c B 1) and
decreases with time.
The effect of the repair rate of the crystallization sys-
tem on the fuzzy availability of the system is studied by
varying their values as: l1 = 0.018, 0.023, 0.028 and
0.033 at a failure rate of (b1) 0.0012. The failure and
repair rates of other subsystems have been taken as:
b3 = 0.0025, b6 = 0.008, b2 = b1, b3 = b4 = b5,
l3 = 0.042, l6 = 0.014, l2 = l1 and l3 = l4 = l5. The
fuzzy availability of the system is calculated using this
Table 3 Effect of failure and repair rates of the sugar grader subsystem on the fuzzy availability of the system
System coverage factor (c) Days Failure rate of the sugar grader unit (b6) Repair rate of the sugar grader unit (l6)
0.007 0.008 0.009 0.01 0.009 0.014 0.019 0.024
c = 0 60 0.7612 0.7335 0.7071 0.6820 0.6991 0.7335 0.7623 0.7866
120 0.6935 0.6623 0.6335 0.6067 0.5906 0.6623 0.7153 0.7554
180 0.6743 0.6433 0.6149 0.5889 0.5515 0.6433 0.7060 0.7508
240 0.6688 0.6382 0.6103 0.5846 0.5374 0.6382 0.7042 0.7501
300 0.6673 0.6369 0.6091 0.5836 0.5323 0.6369 0.7038 0.7500
360 0.6668 0.6365 0.6088 0.5834 0.5304 0.6365 0.7037 0.7500
c = 0.2 60 0.7950 0.7713 0.7486 0.7268 0.7424 0.7713 0.7955 0.8159
120 0.7336 0.7058 0.6798 0.6553 0.6430 0.7058 0.7519 0.7865
180 0.7147 0.6866 0.6605 0.6363 0.6037 0.6866 0.7423 0.7816
240 0.7088 0.6809 0.6551 0.6311 0.5881 0.6809 0.7402 0.7807
300 0.7070 0.6792 0.6535 0.6297 0.5819 0.6792 0.7397 0.7805
360 0.7064 0.6787 0.6531 0.6293 0.5795 0.6787 0.7396 0.7805
c = 0.4 60 0.8311 0.8121 0.7937 0.7759 0.7893 0.8121 0.8311 0.8471
120 0.7783 0.7551 0.7330 0.7119 0.7033 0.7551 0.7927 0.8208
180 0.7608 0.7368 0.7142 0.6928 0.6663 0.7368 0.7835 0.8159
240 0.7550 0.7309 0.7083 0.6869 0.6502 0.7309 0.7812 0.8149
300 0.7530 0.7289 0.7064 0.6851 0.6431 0.7289 0.7806 0.8146
360 0.7523 0.7283 0.7058 0.6846 0.6400 0.7283 0.7804 0.8146
c = 0.6 60 0.8695 0.8560 0.8428 0.8299 0.8401 0.8560 0.8694 0.8805
120 0.8284 0.8111 0.7943 0.7781 0.7731 0.8111 0.8385 0.8587
180 0.8139 0.7955 0.7779 0.7609 0.7419 0.7955 0.8304 0.8543
240 0.8087 0.7900 0.7721 0.7550 0.7270 0.7900 0.8282 0.8533
300 0.8067 0.7880 0.7701 0.7530 0.7199 0.7880 0.8276 0.8531
360 0.8060 0.7873 0.7694 0.7523 0.7164 0.7873 0.8274 0.8530
c = 0.8 60 0.9107 0.9034 0.8963 0.8892 0.8869 0.8963 0.9041 0.9107
120 0.8846 0.8749 0.8653 0.8559 0.8421 0.8653 0.8820 0.8942
180 0.8753 0.8646 0.8542 0.8440 0.8202 0.8542 0.8760 0.8907
240 0.8717 0.8607 0.8500 0.8396 0.8091 0.8500 0.8743 0.8899
300 0.8703 0.8592 0.8484 0.8379 0.8033 0.8484 0.8738 0.8896
360 0.8697 0.8586 0.8478 0.8372 0.8003 0.8478 0.8736 0.8896
c = 1.0 60 0.9546 0.9546 0.9546 0.9546 0.9546 0.9546 0.9546 0.9546
120 0.9479 0.9479 0.9479 0.9479 0.9479 0.9479 0.9479 0.9479
180 0.9466 0.9466 0.9466 0.9466 0.9466 0.9466 0.9466 0.9466
240 0.9464 0.9464 0.9464 0.9464 0.9464 0.9464 0.9464 0.9464
300 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463
360 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463 0.9463
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data and the results are shown in Table 1 and presented in
Fig. 6. This table shows that the fuzzy availability of the
system decreases from 1.523 to 22.782 % approximately
with the increase of time. However, it increases by
1.412 % approximately with the increase in the repair rate
of the crystallization system approximately. Figure 6
shows that the rate of change in fuzzy availability of the
system decreases with the increase in the value of the
system coverage factor (as 0 B c B 1) and decreases with
time.
The effect of failure and repair rates
of the centrifugal pump subsystem on the fuzzy
availability of the system
The effect of the failure rate of the centrifugal pump sub-
system on the fuzzy availability of the system is studied by
varying their values as b3 = 0.0024, 0.0025, 0.0026 and
0.0027 at repair rate (l3) 0.042 at different values of the
coverage factor. The failure and repair rates of the other

































Fig. 3 Effect of variation in the
failure rate of crystallization
subsystems on the fuzzy


































Fig. 4 Effect of variation in the
failure rate of the centrifugal
pump subsystem on the fuzzy
































Fig. 5 Effect of variation in the
failure rate of the sugar grader
subsystem on the fuzzy
availability of the system
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b2 = b1, b3 = b4 = b5, l6 = 0.014, l2 = l1 and
l3 = l4 = l5. The fuzzy availability of the system is
calculated using this data and the results are shown in
Table 2 and Fig. 4. This table shows that the fuzzy avail-
ability of the system decreases from 22.782 to 2.0 %
approximately with the increase of time. However, it
decreases by 0.364 % approximately with the increase in
the failure rate of the centrifugal subsystem approximately.
Figure 4 shows that the rate of change in the fuzzy avail-
ability of the system increases with the increase in the
value of the system coverage factor (as 0 B c B 1) and
decreases with time.
The effect of repair rate of the centrifugal system on the
fuzzy availability of the system is studied by varying their
values as l3 = 0.037, 0.042, 0.047 and 0.52 at a failure rate
of (b3) 0.0025. The failure and repair rates of other subsys-
tems have been taken as b1 = 0.0012, b6 = 0.008, b2 = b1,
b3 = b4 = b5, l1 = 0.023, l6 = 0.014, l2 = l1 and
l3 = l4 = l5. The fuzzy availability of the system is cal-
































Fig. 6 Effect of variation in the
repair rate of the crystallization
subsystem on the fuzzy
































Fig. 7 Effect of variation in the
repair rate of the centrifugal
pump subsystem on the fuzzy


































Fig. 8 Effect of variation in the
repair rate of the sugar grader
subsystem on the fuzzy
availability of the system
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and Fig. 7. This table shows that the fuzzy availability of the
system decreases from 1.748 to 22.782 % approximately
with the increase of time. However, it increases by 0.364 %
approximately with the increase in the repair rate of the
centrifugal subsystem approximately. Figure 7 shows that
the rate of change in fuzzy availability of the system
decreases with the increase in the value of the system cov-
erage factor (as 0 B c B 1) and decreases with time.
Effect of failure and repair rates of the sugar grader
subsystem on the fuzzy availability of the system
The effect of the failure rate of the sugar grader subsystem on
the fuzzy availability of the system is studied by varying their
values as b6 = 0.007, 0.008, 0.009 and 0.01 at a repair rate
(l6) 0.014 at different values of the coverage factor. The
failure and repair rates of other subsystems have been taken
as b1 = 0.0012, b3 = 0.0025, b2 = b1, b3 = b4 = b5,
l2 = l1 = 0.023 and l3 = l4 = l5 = 0.042. The fuzzy
availability of the system is calculated using this data and the
results are shown in Table 3 and Fig. 5. This table shows that
the fuzzy availability of the system decreases from 25.786 to
2.0 % approximately with the increase of time. However, it
decreases by 6.878 to 12.512 % approximately with the
increase in failure rate of the sugar grader subsystem
approximately. Figure 5 shows that the rate of change in
fuzzy availability of the system increaseswith the increase in
the value of the system coverage factor (as 0 B c B 1) and
decreases with time.
The effect of the repair rate of the sugar grader system on
the fuzzy availability of the system is studied by varying their
values as l6 = 0.009, 0.014, 0.019 and 0.024 at a failure rate
of (b6) 0.008. The failure and repair rates of other subsystems
have been taken as b1 = 0.0012, b2 = b1, b3 =
b4 = b5 = 0.025, l1 = 0.023, l2 = l1 and l3 = l4 =
l5 = 0.042. The fuzzy availability of the system is calculated
using this data and the results are shown in Table 3 and
Fig. 8. This table shows that the fuzzy availability of the
system decreases from 2.1 to 34.672 % approximately with
the increase of time. However, it increases by 12.664 %
approximately with the increase in the repair rate of the sugar
grader subsystem approximately. Figure 8 shows that the rate
of change in the fuzzy availability of the system decreases
with the increase in the value of the system coverage factor
(as 0 B c B 1) and decreases with time.
Conclusion
Analysis of fuzzy availability of crystallization system
helps in increasing the production of sugar. The effects of
coverage factor (c) corresponding to different values of
failure and repair rates of all the subsystems are presented
in Tables 1, 2 and 3 and shown graphically in Figs. 3, 4, 5,
6, 7 and 8. A comparative study concludes that the sugar
grader subsystem has a prominent effect on the fuzzy
availability of the system than that of other subsystems.
The numeric results show that all the fuzziness, system
coverage factor and maintenance have a significant effect
on the fuzzy availability of the crystallization system.
These results are presented and discussed with the plant
personnel to adopt and practice suitable maintenance
policies/strategies to enhance the performance of the
crystallization system of the sugar plant.
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